INTRODUCTION
The light-harvesting chlorophyll alb-protein genes (Lhc genes) (Jansson et el., 1992) encode the major light-harvesting proteins of photosystems l (Lhca genes) and II (Lhcb genes) of higher plants. The regulation of their expression is complex because they respond to a number of developmental and environmental cues, including light (Fluhr, 1990; Thompson and White, 1991; Brusslan and Tobin, 1992) . Light effects on the transcription of Lhc genes have been shown to be mediated by an endogenous circadian rhythm, a blue light receptor, and phytochrome, the developmentally important family of red light photoreceptors (Tobin and Silverthorne, 1985; Quail, 1991; Thompson and White, 1991) . We are particularly interested in understanding the regulation of transcription of Lhcb genes by phytochrome.
Phytochrome regulates a large number of physiological responses in plants; the regulation of transcription of specific nuclear genes has been among the most intensively studied. The intermediate steps in the signal transduction pathway(s) between phytochrome activation and specific changes in transcription are largely unknown, although a number of different factors important in animal signal transduction have been To whom correspondence should be addressed.
implicated in this regulation (reviewed by Deng, 1994 ). An understanding of the specific DNA sequence elements involved in conferring phytochrome responsiveness is an important part of understanding these regulatory pathways (Tobin and Kehoe, 1994) . Whereas the expression of the Lhc gene families of many different species has been shown to be regulated by phytochrome at the level of FINA abundance (Thompson and White, 1991) , only a few of the many individual Lhc genes that have been isolated and sequenced to date have also been specifically characterized for their phytochrome responsiveness at the transcriptional level. Similarly, although there have been a number of studies identifying cis elements in Lhcb promoters important for high levels of expression and for differences in expression between white light and dark (D)-treated plants (Castresana et al., 1988; Ha and An, 1988; Schindler and Cashmore, 1990; Schaffner and Sheen, 1991; Argüello et al., 1992; Luan and Bogorad, 1992) , few studies have located regions specifically necessary for phytochrome responsiveness, and none has yet identified the precise sequence elements that are critical.
Large regions of Lhcb promoters that are important for the phytochrome response have been identified. Nagy et al. (1987) demonstrated that the element(s) necessary for phytochrome responsiveness of the wheat cabl gene, encoding a chlorophyll alb-protein, resides within a 268-bp region of the promoter. The promoters of two different Arabidopsis Lhcb genes (Leutwiler et al., 1986) have been studied, and it has been shown that a phytochrome-responsive region exists downstream of -319 in the cab765 (also called cab2) gene (Millar et al., 1992) and downstream of -183 in cab740 (Sun et al., 1993) . Sequence comparisons have identified regions of similarity, including CCAAT and GATA motifs, within a series of Lhcb promoters (Castresana et al., 1987; Gidoni et al., 1989; Piechulla et al., 1991) , but none of these studies showed that these regions functioned specifically in mediating phytochrome responsiveness.
Large regions necessary for positive regulation by phytochrome have also been defined in genes encoding the small subunit of ribulose 16-bisphosphate carboxylase/oxygenase (rbcS genes) from two plant species. In the pea rbcS-3A promoter, sequences downstream of -166 are sufficient for phytochrome responsiveness (Gilmartin and Chua, 199Oa ).
This region contains boxes II and 111, which have been shown to bind the nuclear factor GT-1 (Green et al., 1987) ; two other proteins, 3AF5 and 3AF3, have also been shown to bind at the ends of box 111 (Sarokin and Chua, 1992) . In the Lemna rbcS-5B gene, a region important for phytochrome regulation was localized to between positions -205 and -83 (Rolfe and Tobin, 1991) but has no sequence homology to boxes II or III.
Within this region, there was specific, light-regulated DNA binding activity to an element that did not include extensive sequence identity to promoters of Lemna Lhcb genes, although it did contain a GATA sequence (Buzby et al., 1990) . Comparisons between the pea rbcS-3A box II and box III regions and severa1 Lhcb promoters (Nagy et al., 1987; Sullivan et al., 1989) have also failed to uncover common sequence elements. This lack of substantial sequence identity suggests that the control of rbcS and Lhcb promoters by phytochrome may involve different sequence elements.
Our previous work with cabAB79 from Lemna (KarlinNeumann et al., 1985) , an Lhcb2 gene in this aquatic monocot, demonstrated that a 1.6-kb promoter region conferred phytochrome responsiveness to a reporter gene when transformed into tobacco (Tobin et al., 1991) . We have now used a transient assay to perform a more detailed analysis of sequences essentia1 for the phytochrome responsiveness of this promoter, and we have identified two 10-bp regions that are critical for the phytochrome response. Within these regions are consewed motifs that are found in Lhcb promoters from a wide range of species.
RESULTS

The cabABí9 Promoter Confers Phytochrome Responsiveness to a Luciferase Reporter Gene in .a Transient Assay
To identify regions necessary for phytochrome responsiveness, we utilized a transient transformation assay in intact Lemna fronds (cf. Rolfe and Tobin, 1991) . In initial experiments, 1.6 kb of the Lemna cabAB79 promoter was fused to a luciferase (Luc) reporter gene, and the expression and phytochrome responsiveness of this construct were examined by assaying LUC activity that accumulated after introduction of the DNA by particle bombardment. LUC activity increased for at least 16 hr after the transformation. This construct was responsive to phytochrome; a red light (R) treatment immediately after bombardment resulted in substantially increased LUC activity at 16 hr compared to plants receiving no R. Removal of the distal 1 kb to -592 from the cabAB79 transcription start site affected neither the overall level nor the relative increase in expression of LUC by R (Kehoe, 1992) . Therefore, no additional deletions or mutations upstream of -592 were tested.
5' Deletion Analysis ldentifies a Region lmportant for Phytochrome Regulation
We made and analyzed a series of 5' promoter deletions for the initial localization of regions important for phytochrome responsiveness. The activity and phytochrome responsiveness of each of the 5' deletion constructs are presented in Figure  1 . As the size of the promoter deletions increased, there was a progressive decline in the activity of the constructs. However, phytochrome was able to regulate the activity of the constructs for deletions down to -174, with R resulting in a significant increase in expression, and far-red light (FR) substantially reversing the effect of R. Deletion of an additional 70 bp, to -104, resulted in the loss of responsiveness to R without abolishing expression. The -104 and -53 deletion constructs both included the TATAA box in the -30 region, and they showed significant levels of LUC activity over essential for the response to phytochrome and that this element or elements are not present elsewhere in the promoter. We also considered the possibility that the changes in promoter spacing resulting from these internal deletions might have impaired the functioning of any upstream phytochrome elements. Therefore, a heterologous fragment of DNA was inserted into the smallest internal deletion construct (Figure 2 , construct C) that precisely restored the spacing of the cabAB79 promoter. This internal substitution construct (Figure 2, We next tested the possibility that redundant phytochrome elements exist upstream of the element(s) in the -174 to -104 region. The results of these experiments are shown in Figure  2 . lnternal deletion constructs of various lengths were made within the context of the 1.6-kb promoter fragment fused to Luc (constructs A to C). None of these constructs showed significant levels of phytochrome responsiveness. The overall levels of expression varied for these constructs, suggesting that the presence/functioning of quantitative elements was affected by the deletions. It is noteworthy that the smallest internal deletion (construct C), containing a deletion of only 79 bp, removed little more than the region identified as important for phytochrome responsiveness in the Ydeletion analysis (Figure 1 ). Taken together, the results show that the 70-bp region between positions -174 and -104 must contain an element or elements
A 171-bp Region 1s Sufficient to Confer Phytochrome Responsiveness to a Minimal Ubiquitin Promoter
The phytochrome-responsive region idehtified by the 5' and internal deletion construct experiments was next tested for its ability to confer phytochrome regulation to a minimal promoter. We placed one, two, and four copies of a 72-bp fragment of the cabAB79 promoter (extending from positions -170 to -99)
upstream of the -31 minimal ubiquitin promoter construct pAUBILUC. Construct A contains one copy of this fragment, construct B contains two copies, and construct C contains four copies; these constructs are diagrammed in Figure 3 . None of these three constructs showed a response to phytochrome, and, in this set of experiments, all showed lower levels of LUC activity than did the minimal ubiquitin promoter alone (construct E). Thus, at least in this Context, the fragment that was shown to contain essential elements for phytochrome responsiveness was not sufficient to confer such responsiveness to the minimal ubiquitin promoter. However, a longer (171-bp) fragment of the promoter, extending from position -239 to -69 (pAUL171, Figure 3 , construct D) was sufficient to confer phytochrome responsiveness to the minimal ubiquitin promoter. This result demonstrated that the 171-bp region contains the information both necessary and sufficient to impart a phytochrome response.
The Promoter Region lmportant for Phytochrome Regulation lnteracts with Proteins
Evidence for the specific binding of proteins to this region of the cahAB79 promoter was obtained using the 171-bp fragment described above. Protein extracts from light-grown plants were fractionated on heparin-agarose columns and used in gel mó-bility shift assays with this fragment. Severa1 DNA-protein complexes of similar mobility could be seen (data not shown). A similar pattern of bands was seen when whole-cell protein extracts were used, and we did not observe any significant A truncated ubiquitin promoter was used to test the ability of one (construct A), two (construct B), and four (construct C) copies of a 72-bp region (from -170 to -99, white boxes) and a 171-bp region (construct D) from -239 to -69 (horizontally striped box) of the cabABW promoter to confer phytochrome responsiveness. E, pAUBILUC (the ubiquitin minimal promoter fused to Luc). Black boxes represent the 5' untranslated region of the ubiquitin gene. The pUCS vector, ubiquitin intron, and luciferase reporter gene (Luc) are shown for each construct. Arrows indicate the orientation of the DNA. Light treatments are explained in Methods. No R/FR data are presented for construct C and construct E. Each value represents the average of three to 27 independent transformations, and the relative values are shown as percentages of the maximum value for pAUBILUC. The absolute value of the LUC activity seen with this construct was MO times that of the wild-type -592 construct (pAB19A592) after the R treatment shown in Figure 1 . Error bars represent standard error of the mean.
differences in these binding activities between extracts from R-and FR-treated plants (Kehoe, 1992) . Footprinting with 1,10-phenanthroline copper ions was performed to determine the regions of the DNA fragment that were affected by these binding activities. Figure 4 shows the sequence of the 171-bp promoter fragment as well as the pattern of cutting by the 1,10-phenanthroline copper ion in the presence and absence of the bound protein(s). In addition to protected regions, many of the nucleotides showed hypersensitivity to cutting in the presence of protein, indicating that the binding of protein altered the structure of the DNA so as to make it more accessible to cleavage (Sigman et al., 1991) . Because the reagent has strongly preferred cleavage sites (Yoon et al., 1990) , some areas are poorly cleaved even on free DNA, and it is not possible to determine if such regions are affected by protein binding. The altered cleavage patterns and regions of protection occur over a substantial length of this fragment, suggesting that it can interact with a number of proteins.
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Two Specific 10-bp Regions Are lnvolved in Phytochmme Regulation
80th the 5' and interna1 deletion analyses provided evidence that the portion of the cabAB79 promoter from -174 to -104 contains sequence information that is essential for the phytochrome response. Therefore, we further dissected this region by constructing a series of linker substitution mutants and testing each for responsiveness to phytochrome regulation ( Figure 5) . The changes were made in the pAUL171 construct, which contains the -239 to -69 region of the cabAB79 promoter and is itself phytochrome responsive (Figure 3, consttyct D) . A series of seven different linker substitution mutants, designated LS1 to LS7 and collectively spanning the region from -174 to -105, were made. In each, a 10-bp segment of the cabAB79 promoter was replaced by a 10-bp fragment containing a Notl restriction enzyme site, as shown in Figure 58 .
The linker substitution constructs were tested for their ability to respond to phytochrome, and the results of these experiments are shown in Figure 5A . Most of these mutant constructs retained the ability to respond to phytochrome. Changes in two of the 10-bp regions, corresponding to LS5 and LS7, resulted in the complete loss of phytochrome regulation of the promoter. These two regions encompass the nucleotides from -134 to -125 and -114 to -105 relative to The relative LUC activity after the indicated light treatments is shown for the wild type (WT -592 promoter) and for the mutations. The mutations are shown in lowercase letters as alterations in the regions defined by the linker substitution mutations shown in Figure 5 .
the start of transcription. In LS5, the lossof phytochrome responsiveness was accompanied by an increase in the level of LUC activity under the D and FR treatment conditions as compared to the PAUL171 construct with the wild-type promoter sequence. The LS7 construct failed to show increased activity to the level seen with the wild-type condruct after R treatment. The remaining five linker substitution constructs all still showed significant responsiveness to phytochrome, but variation in overall levels of expression: LS6 levels were significantly higher, and LSl to LS4 levels were somewhat lower than those measured for pAUL171. We also tested the effect of two mutations in the context of a large segment of the native cabAB79 promoter, extending from -592 to +85 and fused to the Luc reporter gene. These mutations consisted of 2-bp changes in the portions of the promoter altered in LS5 and LS6, as shown in Figure 6 . Alteration of two base pairs at -130 and -132, which occur in the region altered by the LS5 construct, resulted in the loss of phytochrome responsiveness accompanied'by an increase in the level of LUC activity under the D and FR treatment conditions. The change in two base pairs at -121 and -123, which occurs in the region altered by the LS6 construct, resulted in higher expression levels and retention of phytochrome responsiveness. The results with these mutant constructs are consistent with the results seen with the pAUL171-based constructs, and they suggest that the LS5 region is involved in repressing transcription in the dark when Pfr is low, whereas the LS6 region may contain a quantitative element. It is interesting that the regions of LS5 and LS6 that were altered by these mutations are both CA rich and have substantial identity (eight of lO), but function quite differently.
Our results identified at least two elements in the region of the Lemna cabAB79 promoter from positions -134 to -105; these elements are involved in its responsiveness to phytochrome. The unequivocal definition of the nucleotides involved in conferring this responsiveness will require analysis of a more extensive set of mutations, but the results from the experiments reported here strongly support the idea that phytochrome regulation requires multiple promoter elements and, therefore, interaction of multiple transcription factors.
DISCUSSION
We have identified two separate regions of an LhcbP promoter (defined by LS5 and LS7) that contain sequences critical for phytochrome responsiveness. Both regions (each of 10 bp) are located within a 30-bp region that is 4 0 0 bp from the start of transcription. Furthermore, each of these regions contains a sequence that is conserved in other Lhcb genes that have been shown to be regulated by phytochrome (Table 1) . Within the LS5 region (-134 to -125), there is a conserved CCAAT sequence, and within the LS7 region (-114 to -105), there is a conserved GATA sequence. Although such sequences have also been noted in other phytochrome/light-regulated genes, the experiments reported here provide the only direct evidence to date that the regions containing these motifs are necessary for conferring responsiveness to phytochrome.
We were able to clearly identify these regions by the linker substitution analysis (Figure 5 ), and these results were supported by point substitutions in the native promoter sequence (Figure 6 ). The replacement or alteration of nucleotides in the LS5 region led to relatively high promoter activity in D-treated plants with no further increase in the activity detectable after an R treatment. These results lead us to suggest that the element(s) within the LS5 region that is involved in phytochrome regulation is normally acting to repress the activity of the promoter in the dark, and this repression is relieved in the presence of Pfr. Alterations in the LS6 region (Figures 5 and 6 ) led to an increase in expression under all light treatments. These higher levels may have resulted from the removal of a nonphytochrome-regulated, negatively acting element residing in the LS6 region or, possibly, from changes in the threedimensional structure of the promoter resulting from the introduced mutations (for review, see Harrington and Winicov, 1994) . Both the LS5 and LS6 regions are CA rich, and together they contain four CAA repeats; it is, therefore, of interest to note that a similar region has been implicated indirectly as being involved in repressing dark transcription of an Arabidopsis Lhcb gene (cab740) (Sun et al., 1993) . The linker substitution in the LS7 region resulted in a decrease in activity in R-treated plants relative to the unaltered pAUL171 construct, suggesting the possibility that this region, which contains the GATA motif, is 
Tobin (1992) Cashmore ( a Distance of the initial and final nucleotides from the start of transcription is indicated below each sequence. Boldface letters indicate the conserved CCAAT and GATA sequences. Lowercase letters indicate differences from the Lemna gibba cabAB19 sequence. Phytochrome responsiveness was measured by changes in mRNA abundance unless otherwise indicated. Shown to occur at the level of transcription.
involved in phytochrome-mediated enhancement of transcription. A full understanding of the roles that these regions play in phytochrome regulation will require further studies. The results obtained with the interna1 deletion and substitution constructs (Figure 2 ) suggest that additional regions capable of independently responding to phytochrome do not exist in the cabAB79 promoter. The fact that the 72-bp fragment (from -170 to -99; Figure 3 , construct A) was not sufficient to impart a phytochrome response to the minimal ubiquitin promoter but that a 171-bp piece of the promoter (from -239 to -69; Figure 3 , construct D) was capable of doing so suggests that either the base pairs from -174 to -170 are essentia1 or that flanking sequence elements are necessary for normal phytochrome regulation of the promoter. However, we cannot exclude the possibility that the position of this region relative to other elements involved in transcriptional regulation (such as the TATAA box) may also be important, and that altering the spacing may have contributed to the failure of the 72-bp fragment to confer phytochrome responsiveness to the ubiquitin promoter. The 72-bp region of the cabAB79 promoter was 36 bp closer to the TATAA box of the ubiquitin promoter compared to its position in the intact caMB79 promoter. In construct D (Figure 3) , which was phytochrome responsive, the cabAB79 promoter fragment was only 13 bp closer to the ubiquitin TATAA box than to its own TATAA box in the intact promoter. Spacing of elements has been shown to be critical for activity of an fbcS promoter (Gilmartin and Chua, 1990b) .
Another observation that supports the importance of the spacing is the conservation of the distance between the conserved sequences and the transcription start site. As shown in Table 1 , the 24-bp region of the Lhcb genes containing the conserved CCAAT and GATA sequences is located close to the start of transcription (the 5'ends range from -156 to -74). In addition, the direction of the conserved sequences relative to the start of transcription is invariant, suggesting that the function of this region may be orientation dependent. Finally, the two conserved motifs are separated by 15 bp (plus or minus 1 bp), which would put them on the same helical face. Such spacing may be required for proper interaction with severa1 binding proteins or multiple regions of a single protein.
The cabAB79 promoter region upstream of -174 contains some regions that are important for a high level of expression regardless of the light treatment received. This was demonstrated by the stepwise decline, from at least -503 to -174 (Figure l) , in overall LUC activity as longer 5' deletions were tested. Such element(s) probably also exist downstream of position -104, because deletion to -53 resulted in lower LUC activity levels. The regions altered by the constructs LSl to LS4 may also be important for overall expression levels.
The sequence within the LS5 region, which includes a CCAAT motif, has not previously been functionally identified as being important for light regulation in any other plant promoter. GATA-containing regions have been noted in a number of light-regulated genes, and severa1 groups have suggested that these motifs might be involved in light regulation (Castresanaet al., 1987; Grob and Stuber, 1987; Manzara and Gruissem, 1988; Piechullaet al., 1991) . However, the context within which the GATA element resides must play an important role in its function, because others have identified GATA motifs that are not apparently necessary for light regulation (Gidoni et al., 1989; Lam and Chua, 1989) . In fact, the cabAB79 promoter itself contains additional CCAAT and GATA motifs at other positions.
Our results differ from those obtained by Gidoni et al. (1989) , who eliminated the conserved CCAAT and GATA sequences in the petunia cab22R promoter and transformed the constructs into tobacco. They found that in mature, green transgenic tobacco, the replacement of either motif led to a decrease in cab22R mRNA levels but caused no detectable change in either light/dark regulation or organ-specific expression. In addition to the fact that they were using a different species, their results are not directly comparable to ours because of the differences in the developmental state of the plants (etiolated versus green) and the types of light treatments used in the two sets of experiments.
The phytochrome regulation of a phytochrome gene of oat (PHYA3) has also been found to function through a repressing element, RE1 (Bruce et al., 1991) . In this case, however, the repression occurs in the presence, rather than in the absence, of Pfr. Furthermore, the RE1 element has no sequence homology to the LS5 region of the cabAB19 gene. Thus, at least the final steps in the transduction pathways controlling these responses are not the same.
rbcS genes have also been shown to be transcriptionally regulated by phytochrome (Silverthorne and Tobin, 1984; Berry-Lowe and Meagher, 1985) . The precise elements regulating this response to phytochrome have not yet been defined, but in an rbcS gene of pea, sequence elements designated box II and box III, which bind a factor called GT-1, have been identified as important for white light/dark regulation in conjunction with other sequences (Lam and Chua, 1990) . These motifs are contained in the -166 to -50 region of the pea rbcS-3A promoter, which has been shown to contain phytochrome-responsive element(s) (Gilmartin and Chua, 199Oa) . On the lower strand of this promoter segment, a CCAAT and two GATA sequences are also present, although the spacing differs from that found in the cabAB79 promoter. GATA motifs are also present within a region of the Lemna rbcS SSU5B promoter shown by deletion analysis to be required for phytochrome responsiveness (Rolfe and Tobin, 1991) . These GATA elements are part of the binding site of LRF-1, a Lemna nuclear protein that has greater binding affinity in extracts from R-treated plants than from D-treated ones (Buzby et al., 1990) . A similar binding activity, more abundant in light-than in darktreated plants, has been found in tomato extracts (Borello et al., 1993) ; this activity can bind to a GATAAG motif originally designated as an I box (Giuliano et al., 1988) . Binding activity to GATA elements in plants has also been identified previously for both Lhcb and rbcSgenes by a number of groups (Giuliano et al., 1988; Lam and Chua, 1989; Schindler and Cashmore, 1990; Manzara et al., 1991) , but no regulatory role for the binding activity was determined.
A large number of transcription factors that bind to sequences containing CCAAT and GATA motifs have been found in animals and yeast (for reviews, see Johnson and McKnight, 1989; Merika and Orkin, 1993) . Maize has recently been reported to contain a gene that has some homology to one of the factors binding a CCAAT motif (Li et al., 1992) , and a cDNA clone for a protein with homology to a funga1 GATA binding protein has been reported from tobacco (Daniel-Vedele and Caboche, 1993) . It remains to be determined whether proteins similar to these transcription factors are involved in the phytochrome regulation of the Lhcb cabAB19 gene.
The gel mobility shift assay demonstrated the existence of Lemna protein(s) that interact specifically with the cabAB79 promoter within the region involved in conferring phytochrome responsiveness. The regions identified by the linker substitution analysis ( Figure 5 ) as being critical for phytochrome responsiveness, from -134 to -124 and from -114 to -104, were among the regions that were protected from cleavage.
Although the minimal ubiquitin promoter constructs did not quantitatively reproduce the results obtained with the native promoter, the results were consistent with and qualitatively similar to the results with the native promoter (cf. Figures 5 and  6 ). The ubiquitin promoter-based constructs (Figures 3 and 5) had a much higher overall level of activity than did the native promoter constructs, and also had a relatively high level of activity in D compared to the activity level after R treatment. Because ubiquitin expression has been reported to be responsive to stress (see, e.g., Finley et al., 1987; Christensen et al., 1992) , we speculated that the quantitative differences between the ubiquitin-based and wild-type promoter constructs may be due in part to a stress response of the ubiquitin minimal promoterhntron to the physical trauma of the bombardment, causing the basal level of expression to increase in all three treatments (D, R, and RIFR) given for each construct. We also note that the D level for the -592 construct in the experiment shown in Figure 1 was relatively higher than that seen in the experiment shown in Figure 6 . The first of these experiments used tungsten particles and gunpowder to deliver the DNA, and the later experiment used gold particles and helium pressure; these differences may account for the observed relative difference in expression for this construct.
The work reported here provides the basis for further studies to determine the exact nucleotides necessary for the function of the 10-bp elements identified here as being important for Pf pDR19LP Figure 7 . Construction of an Interna1 Deletion Mutant.
To create pAB19A587M04, a cabAB79 promoter (heavy black line)/Luc junction fragment was amplified by PCR with a Hindlll linker incorporated into the 5' primer, creating a Hindlll site at -104. This fragment was cut with Sal1 and ligated to pDR19LP digested with Hindlll and Sall. S, Sall; D, Ddel; H, Hindlll; P, Pstl; nos, nopaline synthase.
phytochrome regulation of Lhcb gene expression and for isolation of proteins that can interact with these elements.
METHODS
Plant Material
Lemna gibba G-3 was grown as previously described (Tobin, 1981) , either in darkness with intermittent red light (17 pmol m+ sec-I) for the transformation studies or in continuous white light (77 pmol m-* sec-l) for the protein binding studies.
Construction of Piasmids
A translational fusion of the Lemna chlorophyll alb-protein cabAB79 promoter (Karlin-Neumann et al., 1985) to a luciferase (Luc) reporter gene was made by inserting a region of caMB79 extending from -1600 to +88 into pDRlOl (Riggs and Chrispeels, 1987) cut with Sal1 and Hindlll. This translational fusion was called pDR19L. To facilitate further cloning, pDR19LP was created by inserting a Pstl linker into an Sstl site at .v-1600. The 5'end of the promoter was deleted to position -592 bydigesting pDRl9LP with Pstl and Hindlll, end filling, and ligating to create pAB19A592. The Sdeletion series mutants were made from pDR19LP using an exonuclease III and mung bean nuclease kit (Stratagene) according to the supplier's directions. One deletion construct, pAB19A104, was created by removing the upstream 1-kb fragment from pAB19A5871104 (see below) with Pstl and Hindlll and inserting the Pstl-Hindlll fragment of the pGEM3Z (Promega) multiple cloning site.
The internal deletion mutant pAB19A587/104 was derived from pDR19LP as shown in Figure 7 . For the internal deletion constructs pAB19A311/104 and pAB19A184/104, the -183 to -1600 fragment of the cabAB79 promoter was cut out of pDR19PLP with Ddel and Pstl. The Ddel site was end filled. To create pAB19A184/104, this promoter fragment was gel purified, then inserted into pAB19A587/104 that had been opened with Hindlll and end filled, and then cut with Pstl to remove its -1600 to -587 promoter fragment. For pAB19A311/104, the same promoter fragment was exonuclease digested from the 3' end to -311, and then inserted into the vector. The insertion construct pABl9A184/@/104 was made by inserting a 72-bp Haelll fragment of @X174 DNA into the Hindlll site of pAB19A184/104.
A minimal ubiquitin promoter from maize was derived from pAUBlCAT (a gift from I? Quail, U.S. Department of Agriculture, Albany, CA), which contains a truncated ubiquitin promoter and its 5' untranslated region, including an intron (Christensen et al., 1992) . pAUBILUC/H was made by inserting the ubiquitin sequence from pAUBlCAT (extending to -31) upstream of the Luc gene in pAHC18 (Bruce et al., 1989) ; the EcoRV site just upstream of the ubiquitin TATAA box was modified by insertion of a Hindlll linker. AcabAB79 promoter fragment containing the 72-bp region from -170 to -99 with EcoRl linkers was generated by polymerase chain reaction (PCR) amplification. This fragment was end filled and inserted into the end-filled Hindlll site of phUBILUCIH. Clones containing one, two, and four direct repeats in the positive orientation were selected and named pAUL72F1, pAUL72F2, and pAUL72F4, respectively. A 171-bp Fokl fragment of the cabAB79 promoter, from -239 to -69, was end filled and inserted in the forward orientation into the end-filled Hindlll site of pAUBILUCIH to produce pAUL171. For footprinting, the same 171-bp Fokl fragment was end filled and cloned into the Smal site of pGEM3Z to create pAB171.
Linker substitution mutants were constructed using pAULl7l via PCR amplification essentially as described previously (Higuchi et al., 1988) , except that a 10-bp fragment containing a Notl site was substituted for 10 bp of wild-type sequence at the 5'end of the 31-nucleotide primem used to construct each mutant. Each linker substitution mutant was created by ligation of the two halves of the promoter region at the Notl site and reinsertion using Ndel and Bglll sites into pAUBILUCIH.
All constructs described above were sequenced to verify the junctions and orientations. The entire insertion of the pABl9A184/@/104 construct as well as all PCR-amplified and cloned DNA fragments were sequenced completely.
Site-directed mutagenesis was performed according to Kunkel(1985) with some modifications (Kunkel et al., 1987) . The clone pDRl9PS containing the sequence of cabAB79 from -592 to +85 was made from pDR19LP (described above) by removal of a 950-bp Pstl-Hindlll fragment and insertion of a linker that restored the Pstl site. The Pstl-Sal1 fragment of pDR19PS was cloned into M13mp19 and subjected to mutagenesis. The sequences of the mutant oligonucleotides were 5'-GCCATCGAAATTGAATCAAGCgATCCCCAACCAAGCTCCGG-3' and 5'-CGAAATTGAATCAACCAATCCCA@2GAAGCTCCGGATAGG GCAA-31 The second primer was 5'-CCACTAAAACGACCGACCGAG-ATTAAGGG-31 The mutated Pstl-Sal1 fragments were cloned back into pDR19PS and sequenced completely.
Transient Transformation Assays
Plating of etiolated Lemna and transient transformation assays using the Biolistics particle delivery system (PDS 1000, DuPont) were performed as previously described (Rolfe and Tobin, 1991) for the 5' deletion, internal deletion and substitution, and gain-of-function analyses. In these, 6 pg of DNA was used in each transformation for the deletion analyses, and 2 pg of DNA was used for the gain-of-function experiments. The possible effect of the light flash from the gunpowder explosion was counteracted by giving 2 min of far-red light (FR) (229 pmol sec-l, RG-9 filter, Schott, Germany) to the plants within 30 sec after each transformation. The light treatments shown in Figures  1 to 3 are those given after this initial FR treatment. The red light (R) treatments for these experiments were for 2 min (15 mmol m-' sec-I), and these and subsequent 2-min FR treatments were completed within 8 min of the transformation. For the linker substitution analysis and the point mutation constructs (Figures 5 and 6 ), a helium-driven Biolistics particle delivery system was used for delivery of the DNA, as previously described (Okubara et al., 1993) . A rice actin promoter fused to the bacterial uidA gene was used as an internal control in these experiments, with either 0.7 or 3.0 pg of the appropriate test plasmid and either 30 or 50 ng of the actin::P-glucuronidase (GUS) fusion construct (McElroy et al., 1990 ) delivered per transformation. Because no light flash accompanied these transformations, dark (D)-treated samples received no light treatment after transformation; R-treated samples received 2 min of R (5 pmol m-2 sec-l) within 30 sec of the transformation; some of the R-treated samples were then immediately given FR (60 pmol m-2 sec-l) for 2 min. For all transformations, the plants were returned to darkness at 25OC for 16 hr before harvesting.
All plants on the plate were harvested and homogenized on ice in 400/500 pL of 0.2 M potassium phosphate buffer, pH 7.8, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride (PMSF) in a ground glass tissue grinder (Kontes), then centrifuged at 15, OOOg at 4OC for 10 min. Protein concentration of the supernatant was determined by the Bradford assay (BioRad) using BSA as a standard. To measure LUC activity, 100 pL of the supernatant was added to 100 pL of 50 mM Hepes, pH 7.8, 20 mM MgCI2, 10 mM ATP, 0.5 mglmL BSA, warmed briefly to 25OC, and then injected with 100 pL of 0.5 mM luciferin (Analytical Luminescence Laboratories, San Diego, CA). Photon counts were performed using a luminometer (Tropix, Bedford, MA) and integrated over 30 sec after luciferin injection. LUC assays were conducted in duplicate. For the 5' deletion, internal deletion and substitution, and gain-of-function analyses, results were calculated as relative light units per microgram of protein for 30 sec after subtracting the background levels from plants shot with tungsten only (no DNA). For each construct, the Student's t-test was used to determine the significance of the difference between LUC activity levels obtained with each light treatment.
For the linker substitution and point mutation analyses, GUS assays were conducted using the method of Jefferson et al. (1987) , except that measurements were made using aliquots from the same extracts used for the luciferase assay, and only O and 30 min time points were measured. Fluorescence at 595 nm was determined using aTKO 1000 fluorometer (Hoefer, San Francisco, CA). Analysis of covariance was used to adjust the LUC activity levels for each experiment, using the GUS activity levels of the control construct as the dependent variable. To compare results between different experimental replications, the relative LUC expression was adjusted according to the average value of the GUS activity in each experiment. Each group included at least six separate transformations.
Footprlntlng
Whole-cell protein extracts were prepared essentially as described by Green et al. (1989) . Approximately 15 g of light-grown plants were chilled to 4OC, chopped coarsely with a razor blade, and then homogenized in 2 mUg tissue of cold extraction buffer A (40 mM Tris, pH 7.5, 5 mM MgC12, 0.5 M sucrose, 25 mM P-mercaptoethanol, 0.8 mM PMSF, 10 pM benzamidine, 50 pM E-aminocapronic acid) with a Polytron. After ammonium sulfate precipitation, protein was used directly for footprinting. Footprinting using the l,l0-phenanthroline copper ion was conducted essentially as described by Kuwabara and Sigman (1987) . To label the lower strand, pAB171 was cut with EcoRl and end labeled with 32P-nucleotides using the Klenow fragment of DNA polymerase 1. After the addition of excess unlabeled nucleotides, the plasmid was cut with BamHl and end filled. The upper strand was labeled by the same method but was first cut with BamHl and then with EcoRI. The labeled fragments were purified on a polyacrylamide gel and isolated from the gel by electroelution. Preparative gel mobility shift assays with three lanes of each end-labeled fragment were run on a Tris-acetate, 2.5% glycerol, 4% polyacrylamide gel for 3 hr at 35 mA. Each lane contained 7.4 x 105 cpm of probe, 100 pg of whole-cell extract protein, and 50 pg of poly (dl-dC) in 10 mM Tris-HCI, pH 7.0, 2 mM EDTA, 120 mM KCI, 10% glycerol, 10 pM P-mercaptoethanol, and 0.5 mM PMSF and was loaded after incubation of the sample at 3OoC for 10 min. After treatment with the 1,lO-phenanthroline copper ion in the gel and elution of the cleaved fragments, 5.8 x 103 cpm of each sample was electrophoresed on a 10% sequencing gel at 1600 V for 2.5 hr. The gel was dried and exposed to Kodak XAR-5 film at -8OOC with an intensifying screen for 37 hr.
